Background and aim There is little quantitative information about the relationship between root traits and the extent of arbuscular mycorrhizal fungi (AMF) colonization. We expected that ancestral species with thick roots will maximize AMF habitat by maintaining similar root traits across root orders (i.e., high root trait integration), whereas more derived species are expected to display a sharp transition from acquisition to structural roots. Moreover, we hypothesized that interspecific morphological differences rather than soil conditions will be the main driver of AMF colonization. Methods We analyzed 14 root morphological and chemical traits and AMF colonization rates for the first three root orders of 34 temperate tree species grown in two common gardens. We also collected associated soil to measure the effect of soil conditions on AMF colonization. Results Thick-root magnoliids showed less variation in root traits along root orders than more-derived angiosperm groups. Variation in stele:root diameter ratio was the best indicator of AMF colonization within and across root orders. Root functional traits rather than soil conditions largely explained the variation in AMF colonization among species. Conclusions Not only the traits of first order but the entire structuring of the root system varied among plant lineages, suggesting alternative evolutionary strategies of resource acquisition. Understanding evolutionary pathways in belowground organs could open new avenues to understand tree species influence on soil carbon and nutrient cycling.
Introduction
Fine roots are the most distal portions of root systems. In perennial plants, these organs account for most of the nutrient and water absorption and can comprise as much as 50 % of total net primary productivity in forest ecosystems (Hanson et al. 2000; Litton et al. 2007 ). Despite their ecological importance, the specific roles and functional significance of different fine root segments has been largely ignored or oversimplified (Pregitzer 2002; Guo et al. 2004) . Traditionally, fine roots have been separated into arbitrary diameter categories, with the assumption that all roots in the same category have similar functional and ecological roles (Vogt et al. 1996; Jackson et al. 1997; Gaudinski et al. 2001) . Nevertheless, a growing body of evidence strongly indicates that root morphology, anatomy and function vary with the relative positions of each root link (i.e., root order, Pregitzer et al. 2002; Guo et al. 2008) . Interspecific variations in traits within a similar root order can be as high as 20-fold, suggesting largely different acquisition strategies among coexisting species (Chen et al. 2013; Valverde-Barrantes et al. 2013 ). However, little information exists about the underlying mechanisms explaining this striking morphological variation in root traits (Eissenstat et al. 2015) .
Acquisition roots are characterized by the presence of a living parenchymatous cortex, limited vascular tissue development, and maintenance of interactive associations with microbial symbionts (White et al. 2013 ). In contrast, higher root orders exhibit stele development and lignification, cortical cell suberization, and exodermal cork layer accumulation (Hishi 2007) . Stele development inhibits nutrient and water uptake and fungal symbioses, but improves transport and stress tolerance, indicating a transition from absorption to structural functions (Brundrett et al. 1990; Kumar et al. 2007; Comas and Einssestat 2009) . Although acquisition roots are usually limited to the first two orders, this functional segregation is far from universal. Temperate tree species such as Liriodendron tulipifera and Fraxinus mandshurica, as well as several tropical species, can maintain high N concentrations, low lignification, and relatively high mycorrhizal colonization up to the fourth root order Guo et al. 2008; Xia et al. 2010; Gu et al. 2014) . These results suggest that the functional division between absorption and structural roots is not constant among species. However, it is not clear if these variations in net absorptive tissue are a response to particular soil conditions or represent alternative pathways in mycorrhizal association in different species, which may be reflected in different levels of root trait integration among root orders.
A commonly proposed hypothesis is that differences in root morphologies are attributed to intrinsic evolutionary adaptations among angiosperms (Baylis 1975; Brundrett 2002; Comas et al. 2012 Comas et al. , 2014 Gu et al. 2014) . The root evolution hypothesis proposes that basal angiosperm groups, such as the magnoliids, rely largely on mycorrhizal fungi for nutrient absorption, and thus maintain large root diameter, low SRL, and high cortex areas to provide optimal habitat for arbuscular mycorrhizal fungi (AMF). In contrast, more recently derived angiosperm groups, such as rosids and asterids, have more efficient root systems for direct nutrient uptake, with decreased diameter and increased specific root length (SRL), but reduced habitat for AMF (Brundrett 2002; Seago and Fernando 2013) . Strong phylogenetic conservatism has been reported in angiosperm root traits (Chen et al. 2013; Comas et al. 2014; Valverde-Barrantes et al. 2015) . Moreover, a positive correlation between cortex area and AM colonization among woody plants (Kong et al. 2014; Gu et al. 2014) reinforces the hypothesized relationship between trait syndromes and mycorrhizal dependency (Guo et al. 2008; Comas et al. 2014; Eissenstat et al. 2015) . On the other hand, root morphological traits and mycorrhizal dependency can be strongly determined by abiotic factors (Janos 2007; Egerton-Warburton et al. 2007; Johnson et al. 2010) . For instance, high availability of limiting nutrients like phosphorous and nitrogen usually reduce mycorrhizal colonization (Finér et al. 2011; Treseder 2014) . Root morphological traits such as specific root length (SRL) , that are associated with enhanced direct nutrient acquisition, tend to increase in response to nutrient limitation (Ostonen et al. 2007) or dry conditions (Poot and Lambers 2003) . However, few studies have performed a thorough quantification of AM colonization to determine the effect of soil conditions on the relationship between plants and mycorrhizae.
Thus, a central goal in this study was to determine the relative importance of two hypothesized drivers of mycorrhizal colonization and integration among root orders: abiotic soil factors and systematic variation of root traits across angiosperm phylogenetic groups. To test these hypotheses, we quantified AM fungal colonization and root trait variation in three root orders for 34 temperate tree species, representing three major angiosperm lineages (magnoliids, asterids and rosids). First, we hypothesized (H1.1) that more recently derived angiosperm groups should exhibit disproportionately reduced investment in root tissue that serves as AM fungal habitat (i.e., root cortex) but not vascular tissue (stele). We also predicted (H1.2) that the evolutionary trend toward reduced mycorrhizal dependency should be reflected as a whole integration of the entire root system. In other words, transitions from absorption to structural traits should be more pronounced in more derived angiosperms than in basal angiosperms that are more dependent on mycorrhizae. Second, we hypothesized (H2) that ancestry would be more important than site conditions to explain differences in mycorrhizal colonization across woody angiosperms, and that more recently derived angiosperm groups should display reduced AM fungal colonization. Finally, we expected (H3) that AM fungal colonization would correlate with root traits that reflect investment in fungal habitat rather than direct resource uptake. Thus, we expected mycorrhizal colonization to be negatively correlated with SRL and the ratio of stele diameter to root diameter (Guo et al. 2008 ).
Methods
Site and species description We sampled a set of 36 woody plant species (including two outgroup gymnosperm species) growing in two separate living tree collections: The Holden Arboretum (northeast Ohio, USA) and Boone County Arboretum (northern Kentucky, USA). Both sites were initially under mixed deciduous mesophytic forests and moderately drained silt to clay loam soils (see details in Valverde-Barrantes et al. 2015) . All tree species sampled have been previously reported to form only arbuscular mycorrhizal associations (Brundrett et al. 1990; Wang and Qiu 2006) . Species selection was intended to represent three main angiosperm super-orders: magnoliids, asterids and rosids, which were previously shown to have significantly different root trait syndromes (Valverde-Barrantes et al. 2015) .
Phylogenetic background The phylogenetic relationships for the 36 species were constructed and visualized using previously published angiosperm phylogenies provided by Phylomatic (Davies et al. 2004; Webb and Donoghue 2005; APG III 2009, tree version R20120829) . Branch lengths were estimated from a set of dated nodes provided by the bladj algorithm (Webb et al. 2011 ) and based on fossil calibrations of vascular plants (Gastauer and Alves 2013) . Because the incorporation of phylogenetic information within statistical analysis requires fully resolved trees, polytomies within the phylogeny were resolved using the multi2di function (package ape, Paradis 2012).
Collection of root systems and soils Two healthy individuals of each species, relatively isolated from other tree species, were sampled from each arboretum during July/August 2010 (A complete list of the species names, tree size and life history description are included in Valverde-Barrantes et al. 2015) . Roots were obtained from two large (10 cm in diameter × 15 cm depth) soil cores excavated within two meters of each target tree. In addition, root systems were traced to the trunk of each individual and preserved for posterior reference. Soil cores were stored at 4°C until root extraction as described in detail in Valverde-Barrantes et al. (2015) . An additional~0.2 g of fresh first and second order root material was stored at −80°C for molecular quantification of AM fungal biomass. Root systems encompassing 3-4 root orders were randomly selected and dissected for mycorrhizal, morphological and chemical measurements.
Analysis of mycorrhizal colonization and root traits Mycorrhizal colonization was measured using two complementary methods (see Supplementary text for details). DNA was extracted from combined first and second order roots, followed by quantitative PCR using primers specific for 18S ribosomal RNA of arbuscular mycorrhizal fungi (Lumini et al. 2010) . This resulted in an estimate of AMF gene copies mg −1 root. Root were separated by order and stained with trypan blue to visualize fungal structures. Percent root length colonized by arbuscules or vesicles was assessed using the grid-line intersect method (McGonigle et al. 1990 ). Morphological measurements including SRL (m/g), root tissue density (RTD, g/cm 3 ) and average diameter (mm) were calculated for each root order using WinRhizo image analysis (2007 Pro version, Regent Instruments, Inc, Quebec, Canada). Chemical characteristics that were measured for each root order included contents of total C and N, ash, and polar (methanol soluble), acid-hydrolysable (e.g., cellulose), and nonacid hydrolysable compounds (e.g., lignin, suberin). In addition, after root removal, a subsample of soil was dried at 60°C to determine percent moisture before other physical and chemical analyses (for details see ValverdeBarrantes et al. 2015 
and the Supplementary text).
Statistical analysis All statistical analyses were performed in the R 2.15 statistical platform (R Core Team 2012) using the packages nlme (Pinheiro et al. 2013) , ape (Paradis 2012) , adephylo (Jombart and Dray 2008) , phytools (Revell 2012 ) and vegan (Oksanen et al. 2008) . Trait variables were logtransformed before statistical analysis to account for heteroscedasticity and non-normal distribution of residual error. Mycorrhizal colonization was arcsin-transformed before ANOVA analysis to stabilize the variance of percentage data.
To test if there was a disproportionate reduction in root cortex (mycorrhizal habitat) compared to vascular tissue during evolutionary development of angiosperms (H1.1), we determined the scaling exponent describing the allometric relationship between root and stele diameter by fitting the following model:
where x is root diameter, y is stele diameter, a is the scaling exponent, and log k is the regression intercept (Niklas 1994; Frankino et al. 2005; Brakefield 2006) . A scaling exponent < 1 indicates that stele diameter decreases less than total root diameter across species, suggesting a preference in the reduction of root cortex tissue rather than an even, proportional decrease across all root tissues. To determine the scaling exponent for each root order, we used both ordinary least-squares regression (OLS) and the phylogenetic generalized least squares regression (PGLS), which incorporates information from the phylogenetic tree described above into the model error structure to account for the nonindependence of samples (Pagel 1999; Ives et al. 2007 ). The importance of the phylogenetic structure in the model was tested by comparing Akaike's Information Criterion between models (Paradis 2012).
To expand the validity of this analysis, we performed an additional test including root trait information from 83 additional AM angiosperm species collected in China (see details in Kong et al. 2014 ). Because we tested an allometric relationship with no clear causation among variables, we also tested the slope using a Standardized Major Axis (SMA) test (Warton et al. 2006) . To test hypothesized drivers of variation in trait integration across root orders (H1.2) and mycorrhizal colonization (H2), we performed mixed model ANOVAs, with super-order, site, and root order as fixed effects. For the error term, individual trees were nested within species and species within clades as random factors. This way we accounted for the nonindependence of traits distributed within individuals, species and clades (Swenson and Enquist 2007; Roumet et al. 2008) .
We used redundancy analysis (RDA) and variance partitioning (Peres-Neto et al. 2006 ) to test if mycorrhizal colonization is controlled by soil conditions, root traits, and/or phylogenetic structure (H3). Prior to variance partitioning analyses, we created standardized matrices (mean equal 0 and standard deviation equal 1) for mycorrhizal colonization (including colonized root length and AM fungal gene copy number per gram of root), soil conditions (containing 16 soil variables), and root traits (with 17 chemical and morphological variables). In addition, we created a phylogenetic species × species distance matrix with pairwise phylogenetic distances among species. The phylogenetic distance between two species was estimated as the square root of the sum of branch lengths along the shortest path that connects species (Paradis 2012) . The first two dominant axes of variation in this distance matrix (explaining 75 % of the phylogenetic variation among species) were then extracted using principal coordinate analysis (PCoA) (Desdevises et al. 2003) . To reduce the number of variables to use in models, we performed a preliminary global analysis testing the importance of each type of explanatory factor independently. If the global test was significant, then a stepwise RDA was performed, removing non-significant factors using increasing explanatory power and increasing adjusted R-squared as stopping criteria (Blanchet et al. 2008) . Then variance partitioning was used to determine the strength and overlap of the effects of the selected soil characteristics, root traits, and phylogenetic PCoA axes, and the significance of each set of predictors was determined while accounting for the other set.
Results

H1
.1. Comparing changes in stele and cortex area across species As hypothesized, we found that root diameter was reduced proportionally faster than stele diameter over evolutionary time, implying a faster decrease in cortical tissue with respect to vascular tissue as angiosperms evolved. The allometric scaling exponent between root and stele diameter (slope of the loglog plot) for first order roots was significantly lower than 1.0 even after adding the 83 trees species from Kong's study (Fig. 1) . Moreover, phylogenetic models were better fitted than OLS models (AIC 8.56 vs −21.85 and 32.12 vs 24.25 for OLS and PGLS models of this study and Kong's data respectively), indicating that the relatedness among species was an important factor explaining the observed trends. SMA slopes were very similar between datasets (0.71 vs 0.76 for this study and Kong's dataset respectively, Table 1 ), supporting the idea that faster decrease in cortical tissue is an actual trend among angiosperms and not an artifact due to sampling bias in our study. Second order roots showed higher slope in the relationship between root and stele diameter (0.71 ± 0.34) with PGLS showing also a better fit (37.81 vs 21.62 for OLS and PGLS respectively). The SMA slope between root and stele diameter was substantially higher (1.63 ± 0.43) than for first order roots, suggesting a fast increment in stele area as early as second order roots. Third order roots did not show a significant relationship between root and stele diameter, reinforcing the idea of a fast transition in general to transport functions.
H1.2. Phylogenetic signal in integration of root traits across root orders As expected, magnoliids had thicker roots, with higher N content, and lower stele:root ratio than either rosids or asterids. Rosids, on the other hand, had 50 % higher phenol content and 25 % higher lignin content than magnoliid roots (Table S1 ). Asterids typically had intermediate values, with morphologies similar to rosids but chemical characteristics similar to magnoliids (see Valverde-Barrantes et al. 2015) .
Of the fourteen traits measured, twelve showed a significant interaction between root order and clade, supporting the hypothesized differences in trait integration across orders depending on the lineage of plants (Table S1 ). The magnoliid clade showed lower variation in key traits associated with acquisition functions (H1.2). For instance, RTD displayed the expected trend, increasing only 27 % between first and third order roots in magnoliids (from 0.13 to 0.18 g/cm ). Similarly, lignin:N content for third order roots of magnoliids was 50 % lower than average rosid roots of the same order. This means that RTD and lignin:N ratios for third order roots in magnoliids were comparable with first order roots in rosids ( Fig. 2 ; Table S1 ).
H2. Phylogenetic relationships as a driver of mycorrhizal colonization
Quantitative PCR on first and second order roots indicated that magnoliid species had the highest colonization (AMF copies mg −1 root), whereas rosids exhibited the lowest (P < 0.05; Fig. 2 ). This is consistent with the hypothesis that mycorrhizal dependency has been reduced in more derived lineages (H2). Microscopic quantification in separate root orders indicated that the interaction between root order and clade significantly affected % root length colonized by Table 1) Plant Soil (2016) 404:1-12AMF (P < 0.05; Table S1 ). Colonization decreased at higher root orders (Fig. 3) , ranging from 100 % colonization in first order roots of most magnoliids to < 20 % in third order roots of species such as Ilex opaca (asterid), Liquidambar styraciflua and Ulmus americana (both rosids) Second order roots showed stronger separation among clades (Fig. 2) . Rosids in particular exhibited a significant decrease in % root length colonized (from 68 % in first order roots to 57 % in second order roots), compared to asterids (83 % to 79 %) and magnoliids (>90 % for first and second orders). At the third root order, % root length colonized decreased for (Table S2 ).
H3. Correlation between mycorrhizal fungal colonization, root traits and soil conditions We found significant differences in soil conditions between sites. In general, Holden Arboretum soils showed higher clay, silt, nitrogen, and phosphorous contents and lower pH than Boone soils (Table S2) . Consistent with H3, root traits were a significant predictor of mycorrhizal colonization (combined microscopic and molecular measurements) for all root orders (P < 0.05). Phylogenetic PCoA axes were significant for first and third order roots (P < 0.05). Soil conditions did not explain significant variation in mycorrhizal colonization of any root order (P > 0.05). After variable selection to obtain a parsimonious set of explanatory variables, selected traits explained up to 35 % of the variation in mycorrhizal colonization ( Table 2 ). The effect of phylogeny on mycorrhizal colonization was found to be largely confounded with root traits (since root traits are also phylogenetically structured), especially in first order roots (Table 2 ). The stele:root diameter ratio was the most important explanatory variable, and was the only significant variable selected for all root orders (Table 2 ). There was also a transition from anatomical traits driving mycorrhizal colonization in first order roots to chemical traits being more important in third order roots. In addition to stele:root ratio, variables selected included link length and stele diameter for first order roots, whereas lignin:N ratio, polar extractives and sugar concentration were selected for third order roots. Stele:root ratio was negatively associated with AM colonization (Fig. 4) , highlighting the importance of habitat availability for the presence of AMF in roots. Results were consistent when we included 83 tropical and subtropical Chinese tree species from Kong et al. (2014) in addition to our temperate species (Table 2) . Values represent the proportion of variance in mycorrhizal colonization (measured by both microscopy and qPCR) explained. BOverlap^is the variance in mycorrhizal colonization that was explained by phylogenetically structured root traits. Root traits shown were retained during the variable selection procedure in each root order (P < 0.05). NS Not Significant
Discussion
Early angiosperms are thought to have possessed thick, infrequently branching roots, similar to the trees in the basal magnoliid clade today. These trees are expected to have been dependent on arbuscular mycorrhizal fungi for uptake of nutrients because of their limited capacity to explore the soil (Raven and Edwards 2001) . More derived groups of angiosperms (asterids and rosids) are hypothesized to have evolved an increased efficiency for direct nutrient interception (Comas et al. 2012 (Comas et al. , 2014 . New supporting evidence for the evolutionary root hypothesis from this study indicates that these trends in mycorrhizal dependency affect not only the most distal root sections, but the entire structuring of the root system.
Differences in AM fungal colonization and root traits due to plant phylogenetic affiliation Nutrient availability and plant nutrient demand have been regarded as the primary controls on the extent of mycorrhizal colonization of roots. It is assumed that colonization should be promoted in areas with limiting nutrient availability due to the higher scavenging efficiency of hyphae compared to roots (Treseder and Allen 2002) . Our results suggest that phylogenetic relatedness can be very important for predicting mycorrhizal colonization. For instance, there was consistently lower colonization in terms of length and fungal biomass for rosid species compared to magnoliids. Although we acknowledge that AM colonization of roots is not a direct measure of plant mycorrhizal dependency or benefit (Selosse and Rousset 2011; Maherali 2014) , the remarkable consistency of phylogenetic structure in colonization levels highlights the importance of evolutionary pathways in shaping of plant-mycorrhizae interactions. Indeed, lack of control over AM fungal colonization under circumstances where they deliver little benefit (Johnson 2010) could provide a long term selective pressure explaining the trend to reduce or control AM colonization as a way to enhance the benefit from the association (Hempel et al. 2013; Eissenstat et al. 2015) . The variation in mycorrhizal colonization that we detected appears to be linked to root traits that control a tradeoff between root habitat space for mycorrhizal fungi versus efficiency of direct nutrient uptake by roots (Eissenstat et al. 2015) . Species with low levels of root branching, large root diameter, and few root hairs should benefit the most from colonization by AMF (Newshan et al. 1995; Smith and Read 2008) . In agreement with this, we found that mycorrhizal colonization was highest in magnoliids, which overall presented several traits intended to optimize mycorrhizal habitat such as high cortex area, low lignification and low tissue density (McCormack et al. 2012) . On the other hand, species with low stele:root ratio and high lignin content showed relatively low mycorrhizal colonization and fungal biomass, suggesting low AM dependency (Ryser 2006; Gu et al. 2014) .
We found surprisingly similar stele diameters in roots with widely divergent root diameters, supporting the idea that evolutionary shift in root diameter is explained by reduction in cortical tissue, rather than a uniform Fig. 4 Relationship between stele:root diameter ratio and mycorrhizal length colonization among 117 species of AM angiosperm trees. Circles represent species included in this study and squares values reported from Kong et al. (2014) reduction in vascular and cortical tissues Withington et al. 2006; Comas et al. 2012) . The relationship was essentially unaffected when we included 83 tree species from a different study in subtropical and temperate China (Kong et al. 2014) , suggesting that this is a generalizable pattern among angiosperms. Stele:root ratio is a direct measurement of the proportion of root tissue that is dedicated to conduction (water transport) instead of acquisition from the environment. Thus, differences in the ratio reflect divergent resource absorption strategies among plant lineages (Guo et al. 2008; Gu et al. 2014) . Cortical cells are the obligate habitat for AMF (Smith and Smith 1990; Bago et al. 2000) and represent an important energy investment for woody plants (up to 40 % of the carbon allocated belowground, Litton et al. 2007 ). This energetic demand combined with low nutrient uptake benefits could translate into strong selection pressure to diminish cortical area, particularly in ecosystems where AMF associations are most inefficient (Fitter 2005) .
Phylogenetic structure in the integration across root orders Although previous studies have shown substantial differences in root traits and mycorrhizal colonization among root orders (Guo et al. 2008) , these descriptions did not provide a predictable mechanism explaining AM colonization differences among species. Neither has been explored the idea that chemical and morphological traits at the entire root system are structured by phylogeny, rather than only first order roots (Chen et al. 2013; Kong et al. 2014) . Building on previous findings of trait differences among angiosperm clades (Chen et al. 2013; Valverde-Barrantes et al. 2015) , we proposed that basal angiosperms would show relatively low trait variation across root orders, reflecting reduced functional specialization of different root orders compared to more derived phylogenetic groups. Consistent with this hypothesis, we found that most traits, particularly those related to morphology and nitrogen content, showed less differentiation across orders in magnoliids. In contrast, rosid tree species (Acer, Aesculus, Cercidiphyllum, Liquidambar and Ulmus species) even had Bbeaded^root morphology, in which cortex development is limited to specific zones within first and second root orders as a consequence of suberin deposition (Brundrett et al. 1990 ). This morphological pattern leads to partial or total sloughing of cortical tissue by the second or third root order, resulting in a sharp transition from absorption to structural roots (Duhoux et al. 2001) . These results support our hypothesis (H1) that development of differing nutrient absorption strategies over time caused angiosperms to not only reduce cortex relative to vascular area, but also increase the functional and trait differentiation among root orders.
Implications and conclusions Previous research has shown that root traits such as root diameter, N content and SRL are significantly associated with root longevity in temperate (McCormack et al. 2012 ) and tropical trees (Valverde-Barrantes et al. 2007 ). Because such traits seem to be relatively conserved within closely related species (Comas et al. 2012; Valverde-Barrantes et al. 2015) , phylogenetic affiliation seems an important factor explaining root lifespan and therefore the rate and quality of soil C and nutrient inputs. Root decomposition rates are also largely influenced by tissue biochemistry (Silver and Miya 2001; Goebel et al. 2011; Lin et al. 2011 ) and morphology (Raich et al. 2009 ). Based on our results, decay rates may vary substantially within root systems depending on the set of traits associated with particular root orders in each species (Raich et al. 2009 ). The integration of trait syndromes among phylogenetic clades could also have an important impact on plant economic tradeoffs. Previously, it was assumed that decreases in root diameter were a strategy for maximizing nutrient uptake per unit of belowground C investment because smaller diameter exponentially increases root surface area and decreases root construction cost (Eissenstat 1992; Eissenstat and Yanai 1997) . However, this only holds if investment in structural tissues is proportional to diameter. Our results suggest that some species with small diameter roots, such as Ulmus americana, invest proportionally more in structural tissue per unit of root length, whereas magnoliids roots maintain low tissue density and large parenchymatous areas across the first three orders. Thus, reduction in root size can be offset by changes in root toughness and mycorrhizal habitat (McCormack et al. 2012) , suggesting a modification of the diameter and construction cost-benefit tradeoff model described above.
In conclusion, the integration of functional traits within root orders and across the fine root system seems to be the result of differing strategies of nutrient acquisition and mycorrhizal dependency among early divergent plant lineages (Brundrett 2002) . Evolutionary changes in root morphology and chemistry may have conferred an increased ability to control AMF colonization to more derived plant groups, expressed as both confinement to the most distal tips in the root system and reduced investment in cortex area. These evolutionary changes are reflected in the relationship between root diameter and stele diameter, which represents a tradeoff between absorptive surface area and internal cortex area available for fungal colonization. Our work therefore highlights how phylogenetic information is critical to improve root ecology studies and our understanding of the relationship between root traits and belowground processes.
